A planetesimal moving in the Solar Nebula experiences an aerodynamic drag which causes its orbit to circularize and shrink. However, resonant perturbations from a protoplanet interior to the planetesimal's orbit can counteract both the orbital decay and the damping of the eccentricity: the planetesimal can be captured into an orbital resonance and its eccentricity pumped up to a modestly high equilibrium value. Thus, orbital resonances constitute (partial) barriers to the delivery of planetesimals into the feeding zone of the protoplanet. We have established the characteristics of the phenomenon of resonance capture by gas drag in the circular restricted three-body approximation.
I. INTRODUCTION
The currently popular paradigm for the formation of the planets (see Wetherill (1989) for a recent review) starts with 1-to 10-km-diameter bodies--"planetesimals"--as the building blocks. (Adachi et al. 1976 ).
Naively, then, one would expect that this inward flow of solid material would enhance the mass supply rate to the accretion zone of a planetary embryo embedded in the Solar Nebula.
However, this does not necessarily occur since planetesimals would also be subject to mutual gravitational interactions.
In particular, resonant gravitational perturbations from the protoplanet can counteract the effects of gas drag forces, leading to orbital resonance locks. A planetesimal's orbit would then cease to decay, and its major axis and eccentricity would attain equilibrium values. This was first pointed out in Weidenschilling and Davis (1985) . The phenomenon is similar to the "mode-locking" phenomena that occur in many other natural systems of coupled oscillators.
The resonance trapping phenomenon acts as a barrier to the planetesimals' inward flow induced by the gas drag.
However, it is only a partial barrier. In this paper, we describe the results of a systematic study of the permeabil- .5 x 10 {3 cm, and its circular orbital velocity is Vke p = 1.3 x l06 cm sec-'.
An ambient nebular gas density Pga_ = 10 ,0 g cm 3 and temperature,T = 300 K, are assumed.
At this temperature, the mean thermal speed of gas molecules is c = (3kT/rrm,2)'/2 _-2 x l0 Scm sec -1 The molecular viscosity of the gas is then given by v = mn,,C/3O" _ 1 x 10 4 g cm-' sec-' (where we have used o-= 2 x 10 ,5 cm 2 for the collision cross section of molecular hydrogen). The gas is assumed to be in near-
Keplerian rotation.
The pressure support in the gas causes the gas velocity to be slightly smaller than the local circu- 
where the coefficient K is given by
where m is the mass of the planetesimal, and Cd is a nondimensional coefficient whose magnitude is known from laboratory experiments to be nearly constant at a value of about 0.5 for Re in the range 500-10 _. Thus, for example, the numerical value of K is 0.014/AU for a planetesimal 100 m in radius. We note that for gas densities smaller than assumed above, or smaller sizes of planetesimal, or smaller relative velocities, the Reynolds number could well drop below the range of applicability of Eq. (4). If Re _<10, then Stokes' law would provide a better description.
In this paper we confine our attention to a drag force in the form of Eq. (4).
In Eq.(4), u is the velocity of the planetesimal relative to the gas velocity, vsa_, which we assume is given by
where _ _ 0.005 measures the slight offset (due to the partial pressure support) of the gas velocity with respect to the local circular keplerian velocity.
The equations of motion (Eqs. ( 1)) were integrated using a simple modification of a mixed variable symplectic scheme (Malhotra 1993), using at least 20 steps per orbit of the planetesimal.
This numerical method is about an order of magnitude faster than conventional integrators such as the Bulirsh-Stoer integrator (Press et al. 1986 ).
The reliability of the results was confirmed in a large number of cases by repeating the integrations using the Bulirsh-Stoer integrator.
III. ANALYTICAL ESTIMATES
The evolution of a keplerian orbit due to gas drag has been analyzed in Adachi et al. (1976) . To lowest order in the small quantities e and 19, the variation of the orbital semimajor axis and eccentricity under the drag law of Eq. (4) are given by
where 2 × 106 (s/1 km) years, and the orbit circularization time scale is r v _ 2 × 10 4 (s/] km) years.
In the context of the circular restricted three-body problem, in the vicinity of a j + I: j exterior resonance with the protoplanet, the critical resonance angle is defined by
where h and hp are the mean longitudes of the planetesimal and protoplanet, respectively, and w is the planetesimal's longitude of perihelion. The resonant gravitational torque from the protoplanet induces a variation of a and e given by = -2(j + I)gnaef(o_, j)sin _b,
where n = a -3/2 is the mean motion of the planetesimal; c_ = l/a, andf(a,j) is a coefficient of the resonant term in the expansion of the protoplanet's gravitational potential,
given in terms of Laplace coefficients, b!j)(a), by (Brouwer and Clemence 1961)
At exact resonance, a = are_ = (J/(J + 1))2/3, we have the asymptotic expression,
For small rates of orbit evolution due to drag (Eqs.
(7)), we can draw upon the adiabatic theory of resonance passage to determine the conditions for resonance capture. A review of this analysis is given in Peale (1986) .
In this theory, the three-body Hamiltonian is averaged to obtain a pendulum-like resonance Hamiltonian with one degree of freedom (corresponding to the resonance angle, 6). The drag-induced evolution is modeled as a drift of the particle across the slowly varying phase space trajectories determined by the resonance Hamiltonian.
As the particle energy approaches that of the exact resonant orbit, a separatrix appears in the phase space which defines the resonance and nonresonant regions. Depending upon the initial orbit of the particle and the rate of drag-induced drift, the particle may be captured into the resonance region or may continue to evolve past the resonant orbit, i
For relative velocity u on the order of I% of the local keplerian velocity, the orbital decay time scale is _-_ J We note that this theory neglects the damping of the orbital eccentricity by the drag force. This is a shortcoming that is not of much import for the approach to the resonance, but it makes the theory inadequate for the evolution subsequent to resonance capture when the damping rate becomes comparable to the rate of resonant excitation of the eccentricity. 
where ecrit was given in Eq. (13) above. For the parameter ranges of interest, we find that the magnitude of e* is likely to be comparable to "0. Therefore, we will assume (0.97 + q/e*) _ constant, and absorb its value in the numerical factor, Cad = C.'ad/(l + rife); thus, we arrive at the following expression for/.tth:
We show below that Cad is insensitive to the system parameters, and that its numerical value is _< 3.3.
In the evolution subsequent to capture into resonance, the planetesimal settles into an equilibrium orbit. This is easily seen by considering the total time rates of change of a and e: h = -2(j + l)tznaef(o_, j)sin _b -2 (0.97e + _)"oa,
q5 -1 (0.77e + r/)e.
T0
The equilibrium resonant orbit is given by setting h and b to zero. This condition yields 
Therefore, we may with some justification consider the feeding zone of the protoplanet to extend to the Jc + 1:
Jc resonances interior and exterior to its orbit, i.e., a halfwidth
--_ 1.5/.Z 2/7.
a For tz < 4 x 10 -_, the feeding zone is larger than the -3.5 Hill radii that is often assumed. • Figure 3 shows the minimum protoplanet mass necessary for a planetesimal with a small initial eccentricity (e < ecri,) to be captured into resonance; the dashed line indicates the adiabatic threshold defined by Eq. (20). • Figure 4 shows the equilibrium eccentricity as a function of the integer, j; the numerical experiments confirm its insensitivity to the protoplanet mass and the planetesimal size.
• Figure 5 shows the numerically determined equilibrium value of the resonance angle at the capture threshold.
There appears to be a weak dependence on the particle size and the integer j, such that the center of libration,
IV. NUMER|CAL RESULTS
In Fig. 1 (_eq, for smaller planetesimals at distant resonances is removed farther from the "classical" value of _-. 
We have verified this estimate by means of numerical experiments. An example is shown in Figs. 6a and 6b . Figure 6a shows the evolution of a set of 20 planetesimals (with the same initial conditions) into a 5 : 4 exterior resonance with a 10M_ protoplanet. At a specified time into the evolution, each particle was imparted a velocity kick of magnitude 8v = 5 × 10 -3 (but different orientation).
It may be seen that some fraction of the particles remain 
It is appropriate to recall here that the gas drag law we have adopted (Eqs. (4) and (5) 
